INTRODUCTION resulted in total loss of the protein binding (16) . Recently, evidence was presented indicating that the N-terminal sequence is necessary for maintaining the binding ability of the protein to PSII but might not be involved in the intermolecular binding itself (17) . It was also suggested that Asp 9 , the only conserved, charged residue in the N-terminal 18-amino acid sequence, might engage in both intra-and intermolecular interactions (18). Crosslinking with EDC, which covalently links amino and carboxyl groups in van der Waals contact, indicated that MSP is directly bound to CP47, an intrinsic chlorophyll-carrying protein of the PSII complex, through electrostatic interaction (10) (11) (12) . Analysis of EDC-crosslinked products showed that a charge-pair interaction exists between a charged residue in the Asp 1 -Lys 76 sequence of the spinach MSP and an oppositely charged residue in the Phe 364 -Asp 440 sequence of CP47 (13) .
Chemical modification with specific reagents showed that six conserved lysyl residues distributed over the entire sequence of spinach MSP are accessible to at least one of the reagents when the protein is free in solution but not when the protein is associated with PSII membranes (19, 20) . This suggests that these lysyl residues are located in domains of the protein in contact with the PSII complex and might participate in intermolecular interaction. Crosslinking of the Lys 159 -Lys 236 domain of spinach MSP to CP47 with a reagent which crosslinks lysyl residues within a 1.2 nm radius has been reported (21). Four arginyl residues of the spinach protein may also be involved in the binding to PSII because they were modified with a specific reagent only when the protein was free in solution (20).
Involvement of negatively charged amino acid residues on MSP in binding to PSII was also suggested by EPR studies with a free radical-relaxing agent dysprosium, which showed that the binding site for MSP on the PSII complex is positively charged (22) . Crosslinking experiments in which carboxyl groups of spinach MSP were activated for crosslinking prior to reconstitution with PSII membranes or vice versa, showed that all carboxyl groups involved in intermolecular crosslinking with EDC are located on MSP (23). The binding affinity of spinach MSP was strongly reduced by chemical modification of carboxyl groups of aspartyl and glutamyl residues with glycine methyl ester when it was free in solution but not when it was bound to PSII membrane (24). The reduced binding affinity was related to modification of two or three acidic amino acid residues located in domains Asp 157 -Asp 168 and Glu 212 -Gln 247 , because these residues were modified only when the protein was free in solution. Mutation of Asp 159 to other residues in Synechocystis MSP affected oxygen evolution significantly (25). On the other hand, in another study, chemical modification of carboxyl groups with glycine methyl ester failed to affect the ability of the spinach protein to reactivate oxygen evolution upon reconstitution at a high protein/PSII ratio (20). Site-directed mutagenesis of completely or partially conserved aspartyl and glutamyl residues on spinach MSP was performed but none of the mutations had a dramatic effect (26, 27) . All the mutant proteins were able to bind to PSII membranes and the ability of the protein to reactivate oxygen evolution was only marginally affected by alteration of several residues. Thus, amino acid residues on MSP that are involved in functional interaction with PSII still remain to be identified.
We showed previously that cleavage of MSP from the thermophilic cyanobacterium In the present study, site-directed mutagenesis was performed to identify amino acid residues that are involved in effective binding of Synechococcus MSP to PSII. Conserved, charged residues in the first protease-sensitive sequences were substituted with an uncharged residue and the abilities of the mutant proteins to bind to urea/NaCl-washed PSII and to restore the oxygen evolution were determined. Charge-preserving substitution with an identically charged residue was also performed to examine whether the residues are involved in electrostatic interaction. Coomassie Brilliant Blue R-250 and scanned at 560 nm with an ATTO AE-6900 densitometer.
Amounts of MSPs bound to PSII were estimated by measuring the peak area of the protein with that of CP47 as reference.
Determination of oxygen evolution£Oxygen evolution was determined with a Clark-type oxygen electrode at 40< as in (33). White light of a saturating intensity was provided from a halogen lamp (WACM R&D Corp). The reaction medium contained 50 mM MESÛNaOH (pH 6.0), 10 mM NaCl, 5 mM MgCl2, 10 mM CaCl2, 1 M sucrose and 0.4 mM 2,
6-dichloro-p-benzoquinone.
Circular dichroism spectrometry£Far-UV and near-UV CD spectra were determined with a JASCO J-820 spectrometer. Data were collected every 0.1 nm with a bandwidth of 1 or 2 nm and a 0.5 s time constant. For determination of the far-UV CD spectra, proteins were dissolved in 20 mM K-phosphate (pH 6.5) at a protein concentration of 80ôgÛml which was determined by amino acid analysis. Eight repetitive scans were collected and averaged, and the secondary structure elements were analyzed with the program VARSLC (34, 35). Near-UV CD spectra were determined with proteins dissolved in 20 mM MES/NaOH (pH6.5). Measurement was repeated six to sixteen times depending on the protein concentrations (see Fig.4 Effects of the substitution mutations on the ability of MSP to restore the oxygen-evolving activity were also investigated. As shown in Table II , oxygen evolution was strongly suppressed by urea/NaCl-wash and the activity was partially restored by addition of the wild-type MSP. This reflects normal function of the protein because the small magnitude of reactivation (about 30% of activity in untreated PSII complexes) can be ascribe to the following two reasons. First, the full activity of oxygen evolution of cyanobacterial or red algal PSII requires three or four extrinsic proteins (38-40); MSP only partially supports the activity.
Second, the smaller reactivating effect of MSP may be due to that a larger proportion of PSII preparations had been irreversibly damaged during protein extraction. This, however, will in principle not affect our reconstitution results as long as the comparison of relative effects of wild-type and mutant MSPs is concerned. The mutations which strongly affected the high affinity binding of the protein had a severe impact on the reactivation ability of MSP. Levels of oxygen evolution restored by the mutant MSPs were only less than 20% of that restored by wild-type protein even at a protein/PSII ratio of five. The results confirm that the four charged residues are essential for functional interaction with PSII and that the non-specific binding to PSII is non-functional. , and Lys 234 to Gln had no effect on the function of MSP. Thus, inactivation of MSP is specific to substitution of a charged residue in the Val 148 -Gly 163 sequence. The present study, however, does not exclude existence of a binding site for PSII in other regions of the protein, because there are still eight strictly conserved, charged residues which remain to be investigated (see Fig. 1 ).
CD spectroscopy was performed to investigate effects of the substitution mutations on the secondary and tertiary conformations of MSP. The secondary conformation of the protein has previously been estimated from the UV CD spectrum in the 197 to 250 nm region as well as
Fourier-transform infrared spectrum (41). Because CD data provide more accurate estimates of proportions of secondary structure elements when the CD spectrum is extended to shorter 3 and data not presented). Relative abundances of secondary structure elements estimated from the far-UV CD data are shown in Table III . The wild-type protein contains ê-sheet several folds more abundantly than é-helix. The values are similar to those of spinach MSP (42-44) but different from the previous estimate from the CD spectrum in the 197-250 nm region, which predicted a higher proportion of é-helix and a lower proportion of ê-sheet than those shown in Table III Near-UV CD spectra were determined to examine whether tertiary structure of the protein is affected by the substitution mutations. The near-UV CD spectrum of spinach MSP shows two prominent bands, a tryptophan band at 294 nm and a tyrosine band at 285 nm. These bands disappeared when tertially structure that contributes to local environments of the aromatic amino acids were altered by cleavage of the sulfhydryl bond (45), acidification (43), or heat-treatment (44) of the protein. Synechococcus MSP lacks tryptophan; accordingly no band at 294 nm was observed (Fig. 4) . Moreover and unexpectedly, no conspicuous tyrosine band was observed at 285 nm. A simple explanation would be that the 285 nm band originates from one (or more) of the three tyrosine residues which are present in the spinach protein but not in the Synechococcus protein (see Fig. 1 ). Fig. 4 , however, shows four positive bands at 261 nm, 266 nm, 274 nm, and 282 nm which can be ascribed to fine structure bands of phenylalanine and tyrosine (46). A more likely explanation is, therefore, that a peak at 290 nm corresponds to a tyrosine band which is overlapped with a sharp negative band at shorter wavelengths. In any case, these spectral features remained essentially unaltered upon substitution of any of the four charged residues, indicating that inactivation of the mutant MSPs was not associated with a significant change in the tertiary structure of the protein, either ( . Alteration of the aspartyl residue to a glutamyl residue had no effect on binding of the protein to PSII (Fig. 5) . The D158E mutant protein was able to reconstitute oxygen evolution activity as effectively as wild-type protein (Table ¦) . Thus, a negative charge at Asp 158 is critically important for the functional binding of MSP. In contrast, charge-preserving alteration of Arg 152 to Lys, Lys 160 to Arg, or Arg 162 to Lys, resulted in a significant decrease in the high-affinity binding and an increase in non-specific binding to PSII (Fig. 5) . The amounts of the R152K, K160R and R162K mutant proteins bound to PSII at low protein/PSII ratios appear to be larger than those of the corresponding charge-deleted mutant proteins. The difference should be ascribed to the difference in non-specific binding, because the charge-preserving mutations affected the ability of the protein to reconstitute oxygen evolution as severely as the corresponding charge-deleting mutations. Only the K160R mutant protein restored oxygen evolution somewhat more effectively than the K160Q mutant protein did, suggesting participation of this residue in electrostatic interaction ( Table ¦) . , which are completely conserved among MSPs from cyanobacteria, algae and higher plants (Fig. 1) In contrast to the first protease-sensitive sequence where all the eight residues are completely conserved except for Gly 161 which is conservatively replaced, the second protease-sensitive 
